Root and leaf traits are one means of understanding plant ecophysiological responses to environmental variation and disturbance. In mangroves, both chemical and morphological variations have been recorded in response to changes in inundation, salinity, and nutrient levels. Some have also been noted in urban environments, primarily in response to elevated nutrients and toxic substances. Yet these studies have not attempted to isolate the urban from the nonurban influences on both morphological and chemical traits. This study measured mangrove leaf and root chemical and morphological traits in herbarium samples and in field collected leaves and roots along a quantified urban gradient in three watersheds of Puerto Rico. It then correlated these traits with predictors of surrounding land cover, as well as with metrics of flooding and water chemistry. There were significant lines of evidence leading to an influence of urban sewage and roads on leaf and root traits. Leaf percent nitrogen increased with urbanization and with surface water nitrogen and phosphorus concentrations, but its isotopic content decreased with increasing phosphorus, leading to the hypothesis that both nitrogen and phosphorus are fueling an otherwise co-limited community of mangroves and nitrogen fixing microbes. The most urban site harbored some of the highest metal concentrations, and there was evidence that elevated concentrations primarily influence fine roots. Other morphological traits are more likely explained by both water chemistry and leaf chemistry and should be considered when interpreting the influence of urban landscapes on mangroves. Percent nitrogen in herbarium samples increased at the least urban site, but remained unchanged at the most urban site, reflecting the relative levels of urbanization at the time of the first samples and their subsequent changes. Most metals from herbarium samples decreased or remained unchanged, suggesting regulation and infrastructure have helped to reduce the release of trace metals to the estuaries. Understanding the influence of urbanization in the context of water chemistry and flooding dynamics will aid in the management of these systems as global urbanization continues.
Introduction
Plant leaf and root morphological and chemical traits are important cues to ecosystem function and environmental conditions (Peter B Reich et al. 1999; Diaz et al. 2004; Westoby and Wright 2006; Bardgett et al. 2014) . In leaves, metrics of mass, area, and their ratios of specific leaf area (SLA) and leaf mass per area (LMA) are strong predictors of species-specific nutritional strategies, environmental physio-chemical conditions, and ecosystem community and productivity dynamics (Diaz et al. 2004; Westoby and Wright 2006) . Root traits are considerably less understood than leaves, but can still be used to predict variations in plant strategies, environmental conditions, and productivity and community dynamics (Bardgett et al. 2014) .
Additional chemical traits, especially of trace metals and stable isotopes, provide further evidence for the physiological mechanisms associated with observed morphological variation in both leaves and roots (Barceló and Poschenrieder 1990; P B Reich et al. 1998; Hultine and Marshall 2000; Bini et al. 2012; Domínguez et al. 2012) . Consequently, recent research has begun to use plant traits to understand the ecological responses to spatial variations in chronic disturbances such as those that are often induced by urbanization (Carreras et al. 1996; Verma and Singh 2006; Balasooriya et al. 2009 ). Other studies have used herbarium samples to show how these traits vary with the temporal progression of urbanization (Dolan et al. 2011; Huang et al. 2016; Palma et al. 2017) . Thus, in addition to tracking the present effects of global change on plant ecology, these trait metrics will be a useful tool in predicting the potential changes to ecosystem function in the more urban future (Williams et al. 2009 ).
Leaf area and SLA, as well stomatal pore surface, conductance, and density have repeatedly been shown to vary with urbanization (Carreras et al. 1996; Hultine and Marshall 2000; Lima et al. 2000; Moraes et al. 2003; Verma and Singh 2006; Balasooriya et al. 2009 ). This is largely thought to be a toxic or compensatory response to common urban pollutants, such as ozone or sulfuric and nitric oxides. Such contamination is also evident in foliar carbon isotope measurements of δ 13 C, which increase as plants utilize fossil-fuel sourced carbon from urban exhausts (Lichtfouse et al. 2003) , as well as in trace metals from sewage or roads (Tomašević et al. 2005; Singh and Agrawal 2007; De Nicola et al. 2008) . Root biomass has also been shown to decrease with urbanization, with implications for soil biogeochemistry and nitrogen processing (Gift et al. 2010) . This is likely due to higher retention of anthropogenically sourced nitrogen in urban soils (Raciti et al. 2008) , which is evident in lower carbon to nitrogen ratios (C:N) and higher δ 15 N in plant tissues (Kendall et al. 2007) , and which induces lower belowground biomass allocation (Wilson 1988) . In addition to spatial variation along urban gradients, these δ 13 C and δ 15 N isotopic and trace metal measurements in herbarium samples have also been used to reflect changes in urbanization with time (Penuelas and Filella 2002; Martín et al. 2015; Huang et al. 2016) . Thus, measuring these traits can provide important information not only on the environmental conditions in urban ecosystems, but also on the plant physiological responses to these conditions and the potential effects at the system level across space and time.
Mangroves, however, are unique from other terrestrial ecosystems in that they inhabit the dynamic physio-chemical environments of coasts. These forested wetlands are subjected to waters of varying temperature, salinity, and flood frequency, which can have marked influence on plant physiology and the resulting leaf and root traits (Cintrón et al. 1978; Ernesto Medina 1999 ). Both δ 15 N and δ 13 C in mangrove leaves have been shown to respond to urbanization as predicted from studies on terrestrial systems (Branoff 2017a; Branoff 2018a) . But these same metrics are also known to change in response to natural variations in nutrient limitation (McKee et al. 2002) , and as plants adjust their water-use efficiency in response to non-anthropogenic influences of nutrient limitation, salinity, and flooding (Lin and Sternberg 1992; E Medina and Francisco 1997; Ernesto Medina 1999; Castañeda-Moya et al. 2011) . It is also known that trace metals vary in content within mangrove tissues and they have been repeatedly shown to be associated with anthropogenic disturbance (Defew et al. 2005; Geoff R MacFarlane et al. 2007; Qiu et al. 2011 ). Some of these metals have further been shown to induce stress in mangrove plants, as reflected in enzymatic activity and plant growth (G R MacFarlane and Burchett 2001; G R MacFarlane and Burchett 2002; G R MacFarlane 2003) . Other changes in mangrove foliar and root morphological measurements have also been shown to vary along environmental stress gradients induced by sub-optimal salinity and dissolved oxygen concentrations (McKee 1996; Takemura et al. 2000; Ye et al. 2003; Lira-Medeiros et al. 2010; Flores-de-Santiago et al. 2012; Basyuni et al. 2018) , although this has not yet been studied in the context of urbanization. Thus, its possible that mangrove traits will respond to urbanization in similar fashion to terrestrial plants, but environmental variation in nutrients, salinity, and flooding dynamics must also be accounted for.
The mangroves of Puerto Rico have experienced a complex history of social influences over the past two centuries (Martinuzzi et al. 2009 ). Forest coverage decreased from the colonial period to its low in the 1930's, when the island's economy shifted from agricultural to industrial, and has steadily increased to the present day. Spatially, however, these changes have not been uniform. In San Juan, the island's largest metropolitan area, and also adjacent to the largest mangrove forest on the island, development, dredging, and canalization have markedly transformed the forests beginning in the early 1500's (United States Army Corps of Engineers 2015). The Caño Martín Peña, which today harbors the most urban mangroves on the island, has arguably been subjected to the most intense and chronic urban disturbances. Bridge building, dredging, canalization, and development encroachment have all occurred during various phases of the canal's colonial to modern history. Much of this has been un-regulated, resulting in forests today that receive raw human and animal wastes and have been filled with refuse, all of which supposedly alter the channels flow and biogeochemistry. Population density in the surrounding neighborhoods of the canal has increased exponentially from around 400 people/km 2 in 1910 to roughly 8000 people/km 2 today (United States Census Bureau, 1910 Bureau, -2000 . This is markedly different from the mangroves of Piñones, which have experienced no known major dredging or canalization projected, and whose surrounding population density remained under 500 people/km 2 until the 1950's, and whose current population is around 2000 people/km 2 .
This study compares mangrove leaf morphological and chemical traits, as well as root biomass and chemistry from both live trees and herbarium specimens along well-defined urban gradients in Puerto Rico. The influence of urbanization on these traits is analyzed together with that of environmental measurements of surface water chemistry and flooding metrics to elucidate the relative role of each in explaining the observed variation in traits. Such studies will be increasingly useful in the management of mangroves in the twenty-first century, which has already marked a transition from rural to urban human societies, and which will continue to see the relatively rapid urbanization of tropical, sub-tropical and warm temperate coastal areas.
Methods
Green leaves and both live and dead roots were collected from twenty one-hectare mangrove forest stands across three watersheds in Puerto Rico (Figure 1 Table 1). Forest compositional and structural metrics at each site are described in detail in (Branoff and Martinuzzi 2018) . All forests border a waterbody and extend from twenty to one-hundred meters inland. Three plots were selected from each one-hectare site such that all species within the site were represented in the sampling, and that both minimum and maximum distances from the shore were also sampled. Partial sun leaves were collected from each species in the plot at a height of five meters from the ground. A small branch was cut from the tree and six leaves from the 2 nd or 3 rd youngest cohorts were randomly selected and placed on ice and in a freezer until further processing. In the laboratory, leaf blades were thawed, separated from the petiole, wiped clean, weighed for fresh Figure 1 Leaves and roots were taken from twenty one-hectare mangrove forests along a well quantified urban gradient in three watersheds of Puerto Rico. Urbanization was generalized from the urban index, which includes surrounding urban, vegetated, open water, and mangroves land classes, as well as road and population density. An urban index of one-hundred represents the greatest relative level of urbanization. Water-level observations from piezometers were used to construct flooding metrics and surface water chemistry measurements were averaged over five years from a network of stations in the San Juan Bay Estuary. "MAX" and "MIN" postscripts refer to urbanization levels within each water body. BAH is the San Juan Bay, MPD is the dredged portion of the Caño Martín Peña, MPN is the un-dredged portion of the Caño Martín Peña, SAN is the San José lagoon, SUA is the Suárez canal, TOR is the Torrecillas lagoon, PIN is the Piñones lagoon, LEV is Levittown and PON is Ponce. weight, and measured for morphology metrics of length, width, and area using photos and the ImageJ software (Reinking 2007) . Leaves were then dried in a drying oven at 60 o C for 48 hours and weighed again for dry weight.
Roots were collected using a 3.15 cm (2.25 inch) diameter hand auger to extract soil and roots from depths of 0-10 and 10-20 cm at the same plots selected for leaf sampling. Roots were washed repeatedly with de-ionized water until no sand/dirt/silt could be seen in the rinse water, and then dried in a drying oven. Roots were then weighed for dry weight and fine roots were separated as those with a diameter less than 1mm, with coarse roots being everything else. Both leaves and roots were ground and pulverized to a powder and samples were weighed out and sent for trace metals and stable isotope analysis as described below.
Additional leaves were sampled from specimens at two herbaria in San Juan, Puerto
Rico: the University of Puerto Rico's herbarium at the Jardín Botánico Norte, and the University of Puerto Rico's-Río Piedras herbarium at the University of Puerto Rico's Río Piedras campus (Table 2 ). Specimens range in collection years from 1914 to 2011, include all mangrove species of Puerto Rico, and are from locations in San Juan and Ponce, but not Levittown. One to two leaves were taken from each specimen, also from the 2 nd or 3 rd youngest cohort, making sure to avoid leaves with glue or other apparent manipulations. No morphology measurements were taken from herbarium leaves, as they were already desiccated, and leaves were immediately pulverized in the same manner as field collected samples and sent for chemical analyses.
Leaf and root carbon and nitrogen content and stable isotope analysis was performed at the United States Environmental Protection Agency's (EPA) Atlantic Ecology Division. Three δ 15 N = -4.52‰) and USGS 41 (δ 13 C = 37.63‰; δ 15 N = 47.57‰) were also analyzed and used to normalize the isotope values of the tissue samples. Isotope values are thus expressed in reference to these standards as δ notation where δX (‰) = [(Rsample / Rstandard) -1] × 103, and X is 13 C or 15 N and R is 13 C/ 12 C or 15 N/ 14 N isotopic ratio, respectively. Carbon isotope ratios from herbaria were further corrected for global atmospheric changes in 13 C/ 12 C with time as a result of anthropogenic combustion of fossil fuels (Suess 1955; Feng 1998 Surrounding land cover metrics at each site were extracted from various spatial datasets and used to characterize the urbanization of each site within a 0.5 km radius as described in more detail in (Branoff 2018b surfaces within the sampling area. These variables were used individually as predictors for measured morphology and chemistry traits, as was an urban index that includes them all and is taken as a relative level of urbanization between the sites.
Surface water chemistry measurements were taken from the San Juan Bay Estuary Program, as described in (Branoff 2018b) , and are only available for San Juan sites (Figure 1 ).
Measurements were averaged from 2012 to 2017 for each site. Monthly metrics were pH, temperature ( o C), dissolved oxygen (DO) (mg/L), and salinity (PSS). Biannual metrics were total Kjeldahl nitrogen (mg/L), nitrate and nitrite total (mg/L), ammonium (mg/L), total phosphorous (mg/L), and fecal and enterococcus coliform bacterial counts (CFU/100mL). Flooding metrics were aggregated at the site level from water level models also representing the period of 2012 to 2017, and which were constructed from water-level observations at piezometers throughout the mangroves as described in (Branoff 2018b) (Figure 1 ). Flooding metrics include the proportion of time flooded (%), mean flood length (h), mean flood frequency(day -1 ), and mean flood depth (m).
All statistical analyses were performed in the R programming language (Yan et al. 2011) .
Linear models were constructed in raw and log-transformed data of the form y~x and y~ln(x) using the lm function to gauge the significance of predictor variables on leaf and root morphology and chemistry. Predictor variables were those of land cover, surface water chemistry, and flooding. Additionally, leaf and root chemical measurements were used as predictor variables for morphology measurements, and trace metal content was used as a predictor of carbon and nitrogen chemistry. Analysis of variance (ANOVA) was also performed to detect differences in measured traits between species and watersheds, as done through the aov function (Yan et al. 2011) . Scatter plots of these relationships are graphed using the ggplot function from the ggplot2 package (Wickham 2009 ), and linear models are shown as lines when statistically significant (p < 0.05).
Results

Leaf morphology and root biomass
Leaf and root morphology summaries are presented in Table 3 . Leaf area was speciesspecific, with Rhizophora mangle leaves being larger, and heavier than both Avicennia germinans and Laguncularia racemosa, respectively (ANOVA; p <0.001). These differences translated to more dense leaves and a greater LMA for Rhizophora mangle in comparison with Laguncularia racemosa (ANOVA; p <0.05). All species differed in their leaf length to width ratios, with Laguncularia racemosa having the most rounded leaves (ratio closest to 1) and
Avicennia germinans having the most elliptical (greatest ratio) (ANOVA; p < 0.01). In stomatal density, Avicennia germinans possessed 81.9 and 88.0 more stoma per mm 2 than Rhizophora mangle and Laguncularia racemosa, respectively (ANOVA; p < 0.001). There were no differences in leaf traits between watersheds, but Levittown forests possessed 20.7 and 20.3 kg more roots per m 2 than Ponce and San Juan, respectively (ANOVA; p < 0.05). It was not possible to assess differences in root biomass by species due to an inability to differentiate root origins and to insufficient monospecific stands.
Although some of the leaf morphological traits were correlated with urbanization, flood length, and surface water chemistry, there were no consistent patterns between species ( Figure   2 ), while the most consistent patterns resulted from leaf chemistry, especially that of carbon and nitrogen (Figure 3 ). Leaf dry weight in Avicennia germinans was best predicted by surface water phosphorus (R 2 = 0.35, p < 0.05). The leaf width of Laguncularia racemosa was best predicted by surface water salinity (R 2 = 0.6, p < 0.01), and the SLA of Avicennia germinans (R 2 = 0.61, p < 0.001) and the stomatal density of Laguncularia racemosa (R 2 = 0.3, p < 0.01) were best predicted by the mean flood depth. All other morphological metrics in all species shared their strongest significant relationships with leaf chemical traits (Figure 3 ). Leaf area in Laguncularia racemosa (R 2 = 0.43, p < 0.01) and Rhizophora mangle (R 2 = 0.46, p < 0.01) was best predicted by leaf δ 13 C. Leaf dry weight in Laguncularia racemosa was best predicted by the leaf Ni content (R 2 = 0.43, p < 0.01), while that in Rhizophora mangle was best predicted by Cd (R 2 = 0.53, p < 0.01). For the leaf length to width ratio, the best predictor for Laguncularia racemosa was leaf δ 13 C (R 2 = 0.47, p < 0.001), and that for Avicennia germinans was the carbon to nitrogen ratio (R 2 = 0.40, p < 0.05). The SLA and LMA in all three species were significantly predicted by the leaf carbon to nitrogen ratio (Avicennia germinans; R 2 = 0.41, p < 0.05;
Laguncularia racemosa, R 2 = 0.62, p < 0.001; Rhizophora mangle, R 2 = 0.36, p < 0.01). Finally, the stomatal density of Avicennia germinans was best predicted by leaf Ni content (R 2 = 0.89, p < 0.01), and that for Rhizophora mangle was best predicted by leaf δ 13 C (R 2 = 0.3, p < 0.05).
Figure 2
Leaf morphology traits as they relate to urbanization, surface water chemistry, and flood depth. Lines are statistically significant (p < 0.05) linear relationships. The only consistent trend among species was between flood depth and stomatal density, and the only trait related to urbanization was the stomatal density in Rhizophora mangle.
Figure 3
Leaf morphology traits shared their strongest and most consistent trends with leaf chemical traits, especially of carbon and nitrogen. The SLA and LMA was the only trait to be consistently tied the same predictor in all three species, in this case the carbon to nitrogen ratio.
Root biomass was not significantly correlated with urbanization or flooding metrics but did share its strongest significant relationships with root metal content and surface water chemistry. Fine root arsenic content was the strongest predictor of total root biomass (linear model; R 2 = 0.68, p < 0.05), followed by surface water phosphorus for 0-10 cm mass (R 2 = 0.34, p < 0.01) and root Zn content for 10-20 cm (R 2 = 0.74, p < 0.05).
Leaf and root chemistry
Leaf and root chemistry by species and watershed are presented in 
As
Leaves 0.497±0.108 0.079±0.025 0.037±0.004 0.056±0.015 0.168±0.054 0.167±0.045
Cd
Leaves 0.017±0.004 0.015±0.005 0.001±0 0.003±0.001 0.007±0.002 0.013±0.004 
Co
Hg
Leaves 0.024±0.005 0.013±0.006 0.01±0.001 0.009±0.002 0.01±0.002 0.017±0.004 As with leaf morphology, relationships in leaf chemistry with urbanization were inconsistent between species and shared with surface water chemistry and leaf metal content ( Figure 4) . Percent nitrogen increased in Rhizophora mangle (R 2 = 0.3, p < 0.05) with surface water ammonium, and in Laguncularia racemosa with population density (R 2 = 0.2, p < 0.05).
Ni
The carbon to nitrogen ratio decreased with every metric of urbanization in Laguncularia Figure 4 Only in Laguncularia racemosa was leaf carbon and nitrogen content linked to urbanization, and only for percent nitrogen and the carbon to nitrogen ratio. Otherwise, leaf carbon and nitrogen content in the other two species was best explained by surface water chemistry.
racemosa (urban index, R 2 = 0.2, p < 0.05), and with surface water ammonium in both Laguncularia racemosa (R 2 = 0.3, p < 0.05) and Rhizophora mangle (R 2 = 0.3, p < 0.05). Leaf δ 15 N increased with leaf Zn content (R 2 = 0.6, p < 0.05) in Avicennia germinans and decreased with surface water phosphorus in Rhizophora mangle (R 2 = 0.3, p < 0.05). There were no significant relationships with leaf δ 13 C, and no relationships relating leaf carbon and nitrogen to flooding dynamics.
In leaf metal content, the strongest predictors were surface water chemical metrics, although some were also urbanization and flooding metrics. The number of fecal and enterococcus coliforms was the most frequent predictor, but only in Laguncularia racemosa, in which it was the strongest predictor of Ag (linear model; R 2 = 0.98 p < 0.001), As (R 2 = 0.96 p < 0.001), Cr (R 2 = 0.51 p < 0.05), Hg (R 2 = 0.95 p < 0.001), Pb (R 2 = 0.97 p < 0.001), and Zn (R 2 = 0.82 p < 0.01). Additionally, total Kjeldahl nitrogen was significantly and positively related to but Ag increased along the urban index (fine roots, R 2 = 0.9, p < 0.001; coarse roots, R 2 = 0.3, p < 0.05), and in fine roots, Cu increased with the proportion of time flooded (R 2 = 0.6, p < 0.05), and both Ni (R 2 = 0.6, p < 0.05) and As (R 2 = 0.5, p < 0.05) increased with the flood frequency.
Herbarium specimens
There were few consistently significant patterns in leaf chemistry with time from herbarium samples ( Figure 6 & Figure 7 ). In Piñones, leaves of Avicennia germinans content, there were significant patterns within species from the same water body (Figure 7) . in Laguncularia racemosa increased 1,690% from 0.02 µg/g to 0.5 µg/g (R 2 =0.9, p < 0.05), 
Discussion
Plants have been shown to respond to urban environments through variation in chemical and morphological traits, and this holds true for mangroves. Yet little is known on the extent of these responses and how they compare to those of other well-known influences on mangrove traits. There was some indication from this study that urbanization is influencing mangrove leaf and root traits, but most influences were species-specific and are likely the result of secondary urban effects. These influences were only partially detected along the spatial and temporal gradients, reflecting a non-linear and non-homogenous nature of urban influences on the environment. Still, the observed patterns partially agree with previous studies on urban plant traits, as well as with studies on mangrove traits and their physiological mechanisms, as described below. For the most part, these results suggest that variation in urban mangrove habitats of Puerto Rico is manifested in both chemical and morphological traits in response to changes in water chemistry. These are likely driven by physiological processes for adjusting water-use efficiency, coping with hypoxic and toxic metal stress, and optimizing metabolism under varying nutrient availability.
Some of the strongest and most consistent links to urbanization involved nitrogen and phosphorus (Figure 4) . Percent nitrogen of roots as well as leaves in all three species increased with either nitrogen, phosphorus, or population density. This agrees with other studies on both mangroves and terrestrial plants and is hypothesized to be a response to nutrient enrichment in urban environments sourced from both sewage and roads (Kendall et al. 2007; Branoff 2017b) .
But some of the remaining chemical traits did not support this hypothesis. Nitrogen sourced from human waste and roads should be enriched in δ 15 N (Savage 2005; Kendall et al. 2007) , and mangroves will increase foliar δ 15 N when enriched with phosphorus or with nitrogen from sewage (Feller et al. 2003; Ernesto Medina et al. 2010) . But field collected leaves showed no trend in δ 15 N with urbanization, and herbarium leaves showed no consistent increase in nitrogen content, despite a significant increase in San Juan's population and an island wide transition from an agricultural to industrial economy over the range of dates covering herbarium specimen collections. Therefore, although both nitrogen and phosphorus are enriched in urban trees, or trees where water nitrogen and phosphorus is elevated, the source of the nitrogen does not seem to be sewage. Fry et al. (2000) offer two potential models for observed variations in δ 15 N of anthropogenically influenced mangroves in south Florida. Model one suggests that baseline δ 15 N is high, and observed enrichment is due primarily to in-plant fractionation and resulting δ 15 N depletion occurs as a result of differences in available nitrogen types (ammonium, nitrate, nitrite etc.) and quantities relative to demand. Model two suggests that baseline δ 15 N is low, and that higher microbial fractionation and nitrogen losses between the nitrogen source and the plants as a result of nitrogen enrichment results in higher δ 15 N in mangroves (Reis, Nardoto, Rochelle, et al. 2017; . The authors reject model two because their observed minimal δ 15 N of -5 ‰ is too low to be a baseline, and because they observed no increase in δ 15 N in more productive systems. In contrast, the present study reflects what is probably mostly representative of model two.
The minimum of site means for observed foliar δ 15 N was -1.4 ‰, sufficiently high to be a baseline nitrogen sourced from marine and fixation inputs (Carpenter et al. 1997; Fry et al. 2000) . Further, foliar δ 15 N increased with mangrove stand biomass, as predicted by model two (Figure 8 ). Nearly all site means in foliar δ 15 N were higher than that of PONMIN (1.4‰), which is the least urban of the open marine sites and thus most reflective of the marine baseline values.
This suggests that baseline nitrogen is primarily marine, with a δ 15 N value of 1.4‰ and that increases in δ 15 N result from higher nitrogen availability and the resulting increase in nitrification, denitrification, and nitrogen loss rates between the source nitrogen and the mangroves. But if the added nitrogen is sewage, δ 15 N values would be expected to be even higher (~8‰) (Savage 2005 ), suggesting there is an additional source of nitrogen enrichment in these systems.
Figure 8
Foliar δ 15 N increase with stand biomass, as taken from Branoff & Martinuzzi, 2018 . This suggests variations in nitrogen stable isotopes are due not to source variability, but to overall site fertility and fractionation processes between the source and the mangroves.
Based on previous studies of mangroves and on terrestrial urban flora, additional nitrogen sources may be either roads, nitrogen fixation, or both. Nitrogen fixation has been shown many times in mangroves, and has even been estimated to supply up to 60% of nitrogen in some systems (Zuberer and Silver 1978; Paerl et al. 1981; Van der Valk and Attiwill 1984; Romero et al. 2012) . Further, in many coastal systems phosphorus is a co-limiting nutrient (Howarth and Marino 2006; Bracken et al. 2015) , and phosphorus enrichment stimulates this fixating community (Romero et al. 2012 ). Thus, with sewage derived ammonium and phosphorus, urban mangroves augment their nitrogen content (Feller et al. 1999 ), but their δ 15 N remains low due to a pool of nitrogen provided by fixation. This is especially true for long-term phosphorus fertilization (Romero et al. 2012) , such as is the case for the mangroves of San Juan, which have been subjected to raw sewage inputs for decades (Hunter and Arbona 1995) . It's likely this relationship is not directly tied to the urbanization variables because point-source sewage inputs only influence the nearest mangrove sites. This was evident in the heterogenous surface water nitrogen and phosphorus concentrations from (Branoff 2018b ).
Roads are another potential explanation for the relatively depleted δ 15 N of mangrove leaves compared to those of other urban mangroves. Previous urban herbarium analyses have shown depletion of foliar δ 15 N with time due to increasing atmospheric nitrate-nitrogen deposition from roads (Huang et al. 2016) , which may further counteract any δ 15 N enrichment from sewage. But the present study found no relationship between δ 15 N and surrounding road density, suggesting either minimal influence of roads, or confounding influence of roads, fixation, and the ocean.
The same models proposed by Fry et al. (2000) , in combination with the known history of the San Juan Bay Estuary, could also explain the historical trends in nitrogen content from herbarium samples. The Martín Peña canal has a history of receiving un-treated sewage from unregulated residential development, as well as sediments from various dredging campaigns throughout its development history (Environmental Protection Agency 2007; United States Army Corps of Engineers 2015).This area of the city was already significantly developed at the turn of the century, with a population density of around 500 people/km 2 , and was undergoing rapid population growth at the time of the first herbarium measurements in 1914 (50% in Martín Peña bordering neighborhoods between 1910 and 1920) (United States Census Bureau 1913) . This may be why leaf δ 15 N and %N remained unchanged over the next century, because they were already elevated from sewage exposure at the time of the first herbarium specimen collection. At observed decrease in foliar δ 13 C with any metric of urbanization, which has also been shown to occur in response to higher assimilation of fossil fuel sourced carbon near roads and highways (Lichtfouse et al. 2003) .
The lack of evidence for any link between δ 13 C and urbanization as well as any reduced belowground biomass allocation from urban nitrogen enrichment (Gift et al. 2010) , is probably because these traits in mangroves are also tied to plant responses to variable flooding and salinity (Lin and Sternberg 1992; E Medina and Francisco 1997; Castañeda-Moya et al. 2011) . Isolating the various influences of the environment on mangrove eco-physiology is made difficult by the dynamic nature of these forests. Variations in tidal inundation, salinity and nutrient levels are well documented controls on these systems, each of which acts in both isolation and in synchrony with the others to control mangrove biology. Urban environments further complicate these dynamics by introducing novel conditions that again act in both isolation and synchrony with the other controls. This study showed that some mangrove leaf and root traits can be explained by the urban environment, especially by the presence of elevated nutrients and trace metals in urban waters. But truly isolating these from other well-known influences on mangrove eco-physiology will require well designed experiments. Such research will be under increasingly high demand as mangroves worldwide face ongoing urbanization, and as managers seek to understand how this disturbance influences mangrove function and the provisioning of ecosystem services.
